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Magnetoresistance Oscillations in Double 
Ferromagnetic Tunnel Junctions with Layered 
Ferromagnetic Nanoparticles 

K. Nakajima, Y. Saito, S. Nakamura, and K. Inomata 



Abstract— Tunnd nagnetortdstance la doable tunnel junction 
with layered ferromagnetic nanofxarticlei was Investigated. The 
sample comprise! two ferromagnetic electrode* (CoFe/Fe) sepa- 
rated by an AtO a insulatine layer in which layered Coqo^q 
ninopartides are embedded. The nanoparticles are ellipsoid*) 
with tn average diameter of 9.7 nra, and compose* a well-defined 
layer- At 10 K, m observed macuetweristtJtce osdllibon with 
respect to the bias voltage. The observed TMR oscrtbtioo, with 
a period of 1,6 mV, accompanied OScflrationS of Ike conductance. 
We coulder that the conductance escalation may originate from 
the single electron ebargidfi effect 

Index Terms— Single electron tunneling effect, doable tunnel 
junction, naoopartfcle> tunnel magnetfiresbtance. 



t Introduction 

MAGKETORESIIANCE CMR) phenomena in nano*scale 
ferromagnetic tunnel junctions currently attract much 
attention. When the capacitance C of the junction is so small 
that the charging energy E e - e*/2C can be bnger than 
the thermal energy fc*r, single electron tunneling (SET) 
effects play an important role. The basic sysitm in which the 
SET effects such as the Coulomb blockade and the Coulomb 
staircase occur is small "center island* connecting to macro- 
scopic reservoirs through tunnel barriers. Often the center 
island is coupled to a gate capacitor with a gate voltage V Gf 
namely this is the SET transistor, Hie SET effects and the 
SET transistor have already been extensively investigated. 
Recently, Ono et aj, succeeded in fabricating the ferromagnetic 
SET transistor, and clearly observed the enhancement of the 
tunnel magnetoresistance (TMR) in the Coulomb blockade 
regime and the magneto-Coulomb oscillations [1J. Their 
studies attracted considerable attention to the interplay of the 
spin-dependem electron transport and the SET effect Aside 
from the ferromagnetic SET transistor, the spin-polarized SET 
effects were also anticipated in more complicated systems, such 
as ferromagnetic granular films with current-in-plane geometry 
Pi, PL granular films with cum^t-perpendicular-to-planc 
geometry using STM tins [4), or small point contacts (5], [6], 
and hybrid-type ferromagnetic double tunnd junctions (DT^s) 
where layered ferromagnetic nanoparticles are embedded in 
the tunnel barrier [7J-T9]- 



Manuscript ipocrvcd Fcbruuy 14. 2000. 
The fliuhwu are yfth the Corporate Resesdi 
Ccalix. Toshiba Corp, Kawasaki 2U-K&2. 

Publisher Item Identifier S 00 [ &-9464roG)QS755-0. 



and Development 

Japan (*-rp^i: 



CePtc«*to 




Pig. 1 . TxusDussion dectrop micrograph cf Ac cress section of the sample 
(ty Schemata of u» sample cross section. 

In this paper, we focus on the hybrid-type ferromagnetic 
DTPs. We report unique behavior of TMR observed in the 
ferromagnetic DTJ's in which layered ferromagnetic Co fl £>Pt 2 (, 
nanoparticles were embedded. 

U. EXPERIMENTAL 

The DTPs were prepared onco Si(D01) substrates by ion 
beam sputtering and conventional magnetron sputtering 
technique. An Fe 6 run /CoiFei 3 nm bilayer and a CoiFex 
6 nnVFe 12 nm/Au 98 nm irilayer were used as the bottom and 
the top electrode, respectively. The double tunnel barrier with 
Structure, A^Oa/CoggPt^AIzOs, was prepared by alterna- 
tively sputtering from AI2O3 and CoeoPfeo targets. The higher 
surface energy of CowPtso compared to that of Al 2 Oa leads 
to 3-dimentional nuclcation of the deposit Photolithography 
and Ar etching technique formed the cross pattern structures. 
The junction area was 80 x 81) /1m 2 . The layered structure 
was investigated by cross-sectional transmission electron 
microscopy (TEM), TheJ-Fand the MR curves were measured 
by a dc-fouxtennina) method as a function of the bias voltage 
and of the magnetic field. 

m. Resists and DtscusstoN 

Fig. 1(a) shows across-sectional TEM imageof a device with 
a thickness, CosoPl 2 o 1.9 nm. The gray portions pinched by the 
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£S3t!? th l M2 °\ ,u ™ cl The thicknesses ofthe 

SJll^L ^ ,ayer "* a PP™"'*wtely 2 and 3 nm. 
"Vttftvdy. The CoaoPfe,, naooparodcs arranges in a wetl- 

yCT ,i etWeen . tl,C d °'* le tUnncl barriers - A schema*: 
illustrabon of tte sample cross section is shown in Fig. l(b).Thc 

is distributed at around 4.5 nm. The half-width of die distribu- 
te! 11s about 1 nm. Assuming spherical shaped partides, weg « 
an average : diameter of 3.7 nm, and can rough* estimate I" 
of an udmdud particle ,0 be about SO meV. 1*e feamreoftba 

5~ fS* [2J ; ^ < * sttan is thus considered to be a p4- 
nanopattjcle plays as a "center island" 

10, 20 and 50 K. Also shown is the temperature dependence 
of the low-voftagotunnel resistance. Atroom temperatrerRT? 
£tu*ml reside is beFow 10 SI, however, J2£2K 

cTr^f * S ° ^ At 10 K of AKciirvcs bo> 

« T^ 1 ',^ wc obwve a <U*inct oscillation 
"*STf « ta " ,n ^ ™= Stance is calcu- 
lated from the /-f curve using the trapezoid formula. The con- 
duetooe oscillation attains to twenty or more with a period of 
1.6 mV, mdicanng the appearance of Coulomb staircase. The 
observed period is atenth or less of the charging 
an mdmdual particle. We considertha, ^io^cr^vSSc^ 

o^V^lT^^^^^paralldJSon 
^^characteristic of me parallel connection will 



be mostly deeded by DTJ's with higher conductance, namely, 
with Jargerpaitide and lower charging energy. Hence, itiscon- 
»dered that the effect of the «i»*trfbuttan of the S 
may lower the effective value of the charging energy. Beside, it 
is necessary to consider the capacitive couplings between ihe 
particles that may reduce the effective value of the chareini! 
energy. & fa 

AtRT, the hp curves showed superparamagnetic bchaviorof 

SSfS^J^ stceplyincreased around lOOKtrem few % 

T^l^?^!' S,3 .^ WS ^ KMTOlte ^^denceoftho 
JMRmeasuredal various temperatures. The bias volte depen- 
dence of^p^ ^ calculated f™, the two 
sured for both parallel and anti-parallel configurations between 
l^ P T ,ttto u d,h ! dec ^ ma ^«^°^ Above 20K, 
SISft 3 br0ad peak 31 thc Jero voltage, and mcooN 
onously decreases whh the increase f n voltage. The decrease 

*i ^Polariwd tunneling effects irrespective 

Sk nlTJ^f 7 ' ****** ^ateally changes. At 
Is idenncal to Oat observed In the conductance oscillation. We 
consider that the TMR oscillation originates from the eonduc 
tance oscillation, as a result of the SET effects. At 4 K the oscil- 
lahna behavior becomes more prominent. The TMR largely os- 
callatR wnh a period of 1 6 mV, and consequently, thczero-bias 
peak disappears completely. At relatively high bias region, one 
can see that another osdllation with the same period observed at 
lOKsuperposeson the large oscillation. However, imlilce 10K. 

V~^£T"l Ul0 ^ C ?r s ^' iinis * ^ ^ ^nation 
were not clearly observed. Moreover, it is somewhat strange that 
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Fig- Ww VDfcage depcxJcxrcTof 
toruicJ cocducuncc measure at 10 K. 

the large oscillation follows the short oscillation. Here, wc can 
give no definite conclusion whether the large osculation also 
originates from the SET s effect or not. More studies such as 
the particle size dependence of the oscillations period are now 
in progress. 

Fig. 4 shows the bias voltage dependence of the TMR and 
the runnel conductance G r and C A x> measured at 10 fL Or 
and Gap denote the conductances for parallel and anti-parallel 
configurations between the nanopanicles and the electrode 
magnetizations, respectively. Now the observed TMR os- 
cillation accompanies oscillations of both G? and 
furthermore, one sees the positions of the conductance maxima* 
are shghtry different with respect to the relative orientation of 
*ht rnagnetization between the el ectrodes and the ttanoparticlcs. 
wrtfun the limit of fast spin-flip relaxation time, the threshold 
voltage m the Coulomb staircase is identical to both parallel 
and ^parallel configuration. Under this limitation, Majunder 
and I Hershfield calculated the TMR for ferromagneric DITs 
Mi the Coulomb blockade regime, and found spite in the 
bias dependence of the TMR, which occur at the threshold 
voltagcmthe Coulomb staircase wh <^ the cummt mcreases by 
HOI On the contrary, very recently, several groups have 
pms^grneralfwtions of the orthodox theory to describe the 
rjopequihbnum spin polarized states in the "center island- of 
™ fejomagnetic SET transistor by Iruroduring the appropriate 
JMJ> relaxation thne [II], [12]. At the itfmflU the 
spin-fliprelranon tirneismuch longer than the tunneling time. 

T^J^T^ UMum W fitting 

of the threshold voltage occurs [11], f UJ . We believe tha: these 
out of phase conductance oscillations indicate a possibility of 
observing the nonequilibrium spin accumulation 

, ft ,s what should be surprised that even though macroscopic 
electrodes were used, the SET effects could be observed, 
considered that existence of the size distribution of the particles 

of 20%, a distribution of the charging energy amounts to 30% 



We consider the relatively small size distribution of the particles 
may be one of the reasons for successful observation* As stated 
previously, the structure of our sample, the parallel connection 
of the DTTs, may also be committed advantageously, because 
most of the DTTs in the parallel connection become blocked at 
low temperature. 

IV. Conclusion 

We have successfully fabricated double tunnel junctions com- 
prised two ferromagnetic electrodes (CoFe/Fe) separated by an 
Al 4 Cb insulating layer in which layered Co*>Pt20 nanoparticles 
were embedded At 10 K, we observed magnctnresistance oscil- 
lation with respect to the Was voltage. The observed TMR os- 
cillations, with a period of } * raV, accompanied oscillations of 
the conductance, indicating the cjscretedectro«atic potential in 
the nanoparticles. The positions of the conductance maxima are 
slightly different with respect to the relative orientation between 
the particles and the electrodes magnetizations. We believe that 
these out of phase conductance oscillations indicate the possi- 
bility of observing the nonequilibrium spin accumulation. 
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